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Maternal protein restriction is associated with inducting of gene expression programs. 
Multiple stress-induced genes are known to be activated through eIF2α phosphorylation and 
induction of activating transcription factor 4 (ATF4), which also potentially play a role in 
autophagy related-genes expression. The present study investigates the mechanisms by which 
maternal protein restriction induce autophagy related-gene expression in the liver of offspring 
rats. In this study, pregnant Sprague-Dawley rats were fed either a control diet (18% energy from 
protein) or a low-protein diet (8.5% energy from protein) during gestation period followed by the 
control diet during lactation. Offspring consumed the same control post-weaning diet from 
postnatal day 21. Liver tissue was collected at postnatal day 38 from the offspring.   
The maternal low-protein diet significantly induced mRNA expression of the stress-
response genes including Atf3 and Chop in liver of female offspring, but not in male. Moreover, 
mRNA expression of hepatic autophagy gene including LC3b, P62/SQSTM1, Beclin1, Atg3, 
Atg7, Atg5, and Atg10 was increased significantly only in the female offspring by gestational 
low-protein diet. The induction of gene expression was consistent with the activated eIF2a/ATF4 
pathway in female offspring. Furthermore, we found the maternal low-protein diet induces ATF4 
and C/EBP homology protein (CHOP) binding at the regions of specific autophagy-related genes 
in the liver of female offspring through differential cooperative regulation. Overall, our data 
demonstrated that hepatic autophagy gene expression could be induced by a maternal LP diet 
only in the female rat offspring.  This transcriptional program involves in activated p-
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CHAPTER 1  
INTRODUCTION 
Maternal nutrition during pregnancy and lactation play an important role in pregnancy 
outcomes[1]. Maternal low-protein rodent model, as one of the most popular dietary models, has 
been proved to be associated with fetal development[2, 3]. Fetal programming is described as the 
most crucial period of fetal programing whereby a maternal stimulus or insult[4]. Maternal 
nutrition is a major intrauterine environmental factor in fetal programming through epigenetic 
mechanisms, which largely involve in DNA methylation, histone modification and microRNA 
regulation. The effect on the organs and tissues may be lasting throughout the life[5, 6].  
           Impaired fetal development of offspring induced by maternal protein restriction during 
pregnancy and lactation is associated with many metabolic responses in later life. In these 
offspring, different organs has been shown to be affected by maternal protein restriction, 
including mammary gland[7], skeletal muscle[8, 9], pancreatic islets[10], kidney[11], brain[12, 
13] and liver[14-16]. Among these organs, liver has been frequently investigated, and many 
liver-related metabolic responses have been reported to be triggered by a maternal low-protein 
(LP) diet. Autophagy is an essential adaptive regulatory mechanism in response to nutrient 
deprivation, with a strong connection to liver disease including NAFLD and hepatic fibrosis[17]. 
It has been reported that autophagy gene expression could be induced by gestational low-protein 
diet in the muscle of male rat offspring[18], while few studies have focused on autophagy gene 
expression in liver. Therefore, the objective of the work included in this thesis was to investigate 
the transcriptional consequences in the liver of rat offspring in response to maternal protein 
restriction. Classifying the dietary protein-sensing mechanisms in the offspring is important for 
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the early-prediction and interventions of liver disease in the offspring in response to maternal 
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Common rodent models for studying maternal protein restriction 
Previous animal studies have shown that maternal nutrition can program several 
metabolism regulations in both dams and offspring. Maternal low-protein diet, as one of the most 
popular dietary models, has been proved to be associated with fetal growth and further the 
occurrence of chronic disease in adulthood. However, few epidemiological studies have focused 
on the maternal response to gestational or lactational low-protein diet. Because of the shorter 
period of gestation and controllable dietary treatment, establishment a rodent model is a commonly 
used way to investigate the outcomes of both mother and offspring experiencing maternal protein 
restriction. 
 In 1990, Snoeck initially came up with low-protein model to investigate its effect on the 
offspring during adulthood. The rats were fed neither a low protein diet (5%-8% protein) or a 
control diet (20% protein) during pregnancy and lactation[1]. This model has been widely used to 
investigate the metabolic responses in both mother and offspring. In most of studies, the casein 
was used as the major source of protein, with the mixture of sucrose and starch as carbohydrate. 
The fat composition such as corn oil would be various among different models.[2-4]. Over the next 
30 years, one of the most popular interests could be determining the effects on the amino acid 
metabolism[5, 6], gut microbiota[7, 8] , and development of chronic disease like hypoglycemia[5] 
and gestational diabetes[9, 10]. For learning the pregnant outcomes, rodent models have been 
widely used to investigate the metabolic disorder in offspring like obesity[11], 
hypertension[12],insulin resistant[13] and cardiovascular disease[4]. The impact of maternal 
nutrition during pregnancy on maternal programming emphasizes the importance of maternal diet.  
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2.2 Fetal development and epigenetics 
Maternal nutrition during pregnancy is a major intrauterine environmental factor in fetal 
growth and development[14, 15]. Maternal malnutrition, especially protein restriction has been 
observed to impair fetal development[14, 16]. The impaired fetal development is associated with 
the placental limitation of transferring nutrients. Das et al. proposed that maternal nutrition impacts 
glucose transport capacity of placenta by influencing the GLUT protiens expression[17]. Jozwik 
et al. further suggest that the expresson of transporter proteins related to amino acid exchange in 
placenta can be modified by maternal nutrition[18]. This placental insufficiency largely impacts 
pregnancy outcomes. Fernandez-Twinn et al. described the intra-uterine growth retardation (IUGR) 
in the maternal low-protein rats model[19]. Several animal studies showed that the rat offspring of 
dams fed on low-protein diet during pregnancy were more likely to have Low Birth Weight 
(LBW)[20, 21]. 
During the period of fetal development, “programming” is described as a critical process 
induced upon a maternal stimulus or insult. The effect on the organs and tissues may be long lasting 
and throughout life[22]. There is growing evidence from animal studies documenting examples of 
fetal programing, with recent studies showing the maternal nutrition during pregnancy can impact 
the structure, physiology and metabolism of the offspring. Various animal studies suggest that 
maternal nutrition could play a crucial role in fetal programming through epigenetic mechanisms.  
Epigenetics are defined as heritable changes in gene expression without changing DNA 
sequences. Two epigenetic effects have been well-clarified are DNA methylation and histone 
modification[23]. DNA methylation can regulate the binding of methyl-sensitive DNA-binding 
proteins, which further affects gene expression. Histone modification can impact histone-DNA 
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interactions by making covalent post-translational modification to histone protein, thereby altering 
gene expression. Lillycrop et al. suggests that maternal protein restriction can alter the hepatic 
gene expression through DNA methylation and histone modifications, which provide a molecular 
mechanism for the role of maternal nutrition on fetal programming and development[24-26]. 
Overall, fetal development or programming could be regulated in response to alerted nutritional 
status through epigenetic mechanisms[27]. 
 
2.3 Epigenetics and nutrient-induced responses 
Epigenetics could regulate nutrient-induced responses through controlling heritable 
changes in gene expression without changing DNA sequences. Two epigenetic effects have been 
well-clarified are DNA methylation and histone modification. Recently, microRNA has been 
found to regulate gene expression by involving epigenetic mechanisms. 
 
2.3.1 DNA methylation 
Differental environmental events that can shape long-term effects in the offspring include 
prenatal nutrition during pregnancy, perinatal nutrition in neonatal growth and development[28]. 
It has been reported that rat offspring from a maternal high fat diet develop a fatty phenotype with 
increased risk of hepatic steatosis and characteristics of non-alcoholic fatty liver disease [29]. 
Epigenetic alteration is one of the contributors to developmental plasticity of adaptation to 
environmental stimuli [30, 31]. For one thing, DNA methylation is highly associated with nutrient 
imbalance and early-life programming mechanisms [32]. In recent studies, maternal high fat diet 
induces DNA hypomethylation in the brain of mouse offspring [33]. For another thing, histone 
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modification, another important player of epigenetic regulations, is induced by maternal high fat 
diet at the promoter of Pon1 gene in neonatal rats [34]. 
 
2.3.2 Histone modification 
Epigenetic modifications have been proposed to be one of the contributors to the 
developmental plasticity in response to the environment in animals and human [30, 31]. 
Specifically, histone modifications—including acetylation [35-37] and methylation [38-40]—have 
been widely studied. Acetylation of core histones is closely linked to transcriptional activation [41-
43]. As a result, histone acetylation is important for regulating different cytoplasmic processes, 
including cytoskeletal dynamics, energy metabolism, endocytosis, autophagy, and signaling 
pathways in the plasma membrane[44-47]. Specifically, histone lysine acetylation is a dynamic 
process that could be controlled by the antagonistic actions of histone deacetylases (HDACs) [48]. 
The classic HDAC family components are all similarly sensitive to HDACs [49], and include class 
I (HDAC1, HDAC2, HDAC3, and HDAC8) [50] and class II HDACs[51]. In particular, HDAC3 
represses transcription by serving a co-repressor when directed to promoter regions [48]. In liver, 
studies have shown that deletion of HDAC3 disrupts lipid and cholesterol homeostasis, leading to 
an accumulation of lipids [52, 53]. Furthermore, HDAC3 promotes gluconeogenesis-related 
pathways in the liver[54]. HDAC3 is involved in circadian pattern occupancy on genes involved 
in lipid metabolism[54, 55] and HDAC3 could regulate the transcription of PPAR-gamma and 
which is associated with lipogenesis in the liver [56, 57]. Recently, it was reported that HDAC3 is 
associated with the regulation of autophagy, which included the increased expressions of LC3B 
and P62/SQSTM1[58, 59]. Moreover, it has been shown that increased LC3B and P62/SQSTM1 
is associated with increased hepatic lipid droplet accumulation in mice [60, 61]. Because HDAC3 
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could modulate hepatic lipid metabolism and autophagy, it is important to understand the 
relationship between lipid accumulation and autophagy and the potential regulatory effects of 
HDAC3 in the liver in response to maternal protein restriction. 
 
2.3.3 micro RNA regulation 
microRNAs are small RNA molecules that could down-regulate gene expression sequence-
specifically. Compared to the well-documented mechanisms of DNA methylation and histone 
modification, how microRNAs regulate target genes has not been determined completely yet. It 
has been reported in both plants and animals, microRNAs bind to their target mRNA, which leads 
to mRNA decay or degradation resulting in inhibiting translation[62, 63]. Numerous experimental 
studies have proposed the relationship between microRNA and epigenetics. On one hand, 
microRNA can involve in epigenetic mechanisms by regulating DNA methylation and histone 
modifiers. For example, miR-140 has been reported to target HDAC4 and DNMTs causing gene 
silencing in mice [64, 65]. On the other hand, microRNAs could be regulated by epigenetic 
mechanism. In the case of miR-127, after treatment of a DNA methylation inhibitor and histone 
deacetylate inhibitor in cancer cell line, the expression of miR-127 was significantly increased[66]. 
To sum up, microRNAs can be considered to be involved in epigenetic mechanisms that can 
control gene expression. 
Recent studies have shown that microRNAs also participate in the fetal programming of 
low protein model. Maternal low-protein diet could induce TGF-β1 expression, which is associated 
with the downregulation of microRNA 200 family inducing the expression of ZEB 2. The 
overexpression of ZEB 2 might cause glomeruli epithelial-to-mesenchymal transition[67]. In 
another example of maternal low-protein diet model, microRNAs have been considered as 
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transcriptional regulators of inflammation markers by regulating mRNA expression of serum 
tumor necrosis factor-α (TNF-α) and interleukin 6 (IL-6)[68]. Increasing number of evidence from 
other animal studies have shown the transcriptional role of microRNA in regulating gene 
expression in response to maternal protein restriction[69-71]. Overall, more studies are needed to 
investigate the role of microRNAs in target-gene expression, which could help us further 
understand the epigenetic mechanisms and outcomes. 
 
2.4 Maternal nutrition and metabolic consequences in liver 
Various evidence show that impaired fetal development induced by maternal malnutrition 
is associated with many metabolic cou. In the offspring exposuring maternal protein restriction, 
many organs have been shown to be affected including brain, mammary gland, kidney, adipose, 
skeleton muscle and liver. Among these organs, liver has been frequently investigated, and many 
liver-related metabolic responses have been reported to be triggered by a maternal low-protein diet. 
Liver, an energy metabolism-related organ, has been shown to go through dynamic gene 
expression changes in response to maternal protein restriction. The altered gene expression through 
epigenetic mechanisms is associated with impaired energy metabolisms.  
         Epidemiological and experimental studies indicate hepatic glucose metabolism could be 
impacted by maternal protein restriction in offspring. For example, the expression of 
glucocorticoid receptor (GR) and peroxisomal proliferator-activated receptor (PPAR) largely 
involve in embryogenesis. A significant decrease in the methylation status of both PPAR and GR 
genes was reported in the liver of rat offspring after weaning resulting from a maternal low-protein 
diet [24]. It has been well-characterized that the role of GR and PPAR in regulating blood pressure 
[72]and glucose metabolism[73]. The misexpression of GR and PPAR through altered methylation 
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might induce hypertension or hyperglycemia in later life. Moreover, it has been found that this 
altered phenotype induced by maternal protein restriction in the first-generation offspring could 
be transmitted to the next generations. The decreased methylation in PPAR and GR promoters was 
consistently reported in liver of the second-generation male offspring[26]. These findings suggest 
that maternal nutrition is important for not only the first-generation, but also for the subsequent 
generations. The altered hepatic gene expression, which would be molecular memorized, might 
cause impaired glucose metabolisms in subsequent generations.  
           Lipid metabolism has also been reported to be affected by exposuring on maternal protein 
restriction in several animal studies. In the rat offspring of maternal low-protein group, more 
hepatic triglyceride was found compared to control group. Moreover, hepatic steatosis was found 
from histological evidence in maternal low-protein group. These phenotypic changes might be 
explained by altered expression of transcription factors SREBP-1c, ChREBP and PPAR[74, 75]. 
The physiological change accompanied by altered expression of mediators indicate an increased 
risk of dyslipidemia in the rat offspring. Hepatic cholesterol homeostasis also could be affected by 
maternal protein restriction in rat offspring. The cholesterol level was reported to increased [76, 
77] or decreased [78] in the liver of offspring. Overall, the hepatic energy metabolism could 
significantly change in offspring exposuring on maternal low-protein diet, which might lead to 
lifelong metabolic diseases. 
 
2.5 Pathways impacted by maternal protein restriction 
Numerous pathways are activated during protein limitation in experimental animals and 
cell models, which are associated with the activated eIF2a/ATF4 pathway. These include the 
Amino Acid Response (AAR)[79] and autophagy-related pathways[80],  
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2.5.1 Amino Acid Response (AAR) pathway 
Dietary protein restriction in experimental animals and cell culture models produces 
numerous metabolic responses, including activation of the Amino Acid Response (AAR) pathway 
[79].  AAR pathway is a well-characterized pathway which could be activated by amino acid 
limitation in vitro study. The initial step is phosphorylation of eukaryotic translation initiation 
factor 2 alpha (eIF2alpha) by GCN2 kinase, which results in increased translation of specific 
protein like ATF4[81-83]. ATF4 is a major transcription factor that could further directly or 
indirectly activate downstream genes with an amino acid response element(AARE) [84]. ATF4-
medulated genes consist of Asns[85], Atf3[86], Chop[87, 88] and Snat2[89]. 
AAR pathway has been found to be activated in vivo study and pregnant rodent models. In 
response to a gestational low-protein diet, the eIF2a was phosphorylated, and ATF4 was activated 
in placenta. AAR pathway related genes, Atf3, Snat2 and Asns increased in the placenta from 
maternal low protein group [90]. Another example is to investigate the AAR pathway in the liver 
of offspring rats experiencing a gestational low protein diet. Similarly, the phosphorylation of 
eIF2a and activation of ATF4 were reported, with an increase of AAR related genes [91]. Recently, 
Wang et al. reported the activated AAR pathway in the skeleton muscle of rat dams experiencing 
a gestational low-protein diet, which firstly link to autophagy pathway through the induction of 
eIF2a/ATF4 pathway [6]. 
Therefore, ATF4 appears to serve as a master regulator of the AAR pathway, further 
supported by observations that ATF4 binds at the Asns [92] and Atf3 [93] promoter regions. Due 
to the well-characterized and direct relationship between protein restriction (even marginally) and 
the activation of ATF4 target genes, the AAR pathway has served as a hallmark marker of dietary 
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protein deficiency.  
2.5.2 Autophagy pathway 
Autophagy, primarily known as macroautophagy in cellular metabolism, involves cell 
degradation of unnecessary or dysfunctional cellular components through the lysosomal 
machinery[94] Autophagy has been considered as an essential adaptive regulatory mechanism in 
response to nutrient deprivation. Through recycling of amino acids and other nutrients from 
soluble proteins and partial organelles in the cytoplasm, autophagy is involved in the protein 
metabolism and basic metabolic processes to maintain the normal energy levels and intracellular 
homeostasis[95].  
It has been reported in both animal and cell culture studies that autophagy could be inducted 
as a self-protection mechanism in response to amino acid deprivation[6, 80, 96, 97]. In vitro study, 
amino acid deprivation could induce eIF2a phosphorylation and induction of ATF4 and C/EBP 
homology protein (CHOP) expression, which potentially program transcriptional activation of 
autophagy related-genes[80]. Because of the well-known role of eIF2a/ATF4 pathway in maternal 
protein restriction-induced responses, recent studies have been done in vivo or in pregnant rat 
models to investigate the autophagy pathway. When rat dams were fed on gestational low-protein 
diet, increased ATF4 binding were found at the predicted regions of both stress-induced genes Atf3, 
Chop and a set of autophagy related-genes[6]. It is the first study that link AAR pathway to 
autophagy through the eIF2a/ATF4 pathway in vivo, which provides more possibility that early-
life nutrition could regulate the transcriptional activity of autophagy pathway. 
The regulation of autophagy primarily has been always considered as in the post-
translational level through mTOR complex 1In response to amino acid limitation, the process of 
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autophagy could be controlled at the transcriptional level. However. The research that investigate 
the transcriptional regulation of autophagy is very limited. The underlying mechanisms by how 
the eIF2a/ATF4 pathway programs autophagy are still not fully understood. In addition, the 
specific ATF4 and CHOP-target genes which are involved in this process are remained to be 
clarified. Therefore, this study aims to answer these questions in a maternal protein restriction 
model. 
2.6 Autophagy in liver metabolism 
Autophagy pathway induced by dietary restriction is associated with lipid metabolism in 
the liver. The initiation of autophagy is highly associated with lipid droplet formation surrounding 
MAP1LC3 in mouse hepatocytes[98, 99]. Rat MAP1LC3 has two different variants, LC3A and 
LC3B, which are both co-localized with MAP1LC3 and are both autophagosome markers[100]. It 
has also been shown that the inhibition of autophagy increases triglyceride storage in cultured 
hepatocytes and mouse liver[99]. While the precise mechanism behind the initiation is unclear, 
MAP1LC3, BECN1, and autophagy-related genes appear to be activated at the beginning of 
starvation in the mouse muscle and liver[101, 102]. Therefore, as previously discussed, a low-
protein diet has been shown to activate several amino acid restriction-related pathways such as 
AAR, ER stress and autophagy related pathway, but no studies are available showing the role that 
autophagy may potentially play in the fetal programming in response to maternal protein 
deficiency during pregnancy and lactation. 
Autophagy has a strong connection with hepatic energy regulation. Recent studies have 
shown that starvation-induced hepatic autophagy provides amino acids [103] [104], glucose [105] 
and lipid [99] to maintain the energy homeostasis in liver cells. More than 20 autophagy-related 
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(ATG) genes have been found to involve in this molecular process. For example, Atg5 was found 
to be essential to provide energy in response to starvation. In the during starvation, adenosine 
monophosphate (AMP-)-activated protein kinase was phosphorylated, which indicated an 
increased AMP/ATP ratio. The survival time of Atg5- deficient mice significantly decreased due 
to insufficient energy [106]. Another example is the role of Atg7 in lipid metabolism in mice liver. 
In the Atg7-knockout mice, massive accumulation of lipid droplets was found in the liver. These 
findings suggest Atg7 is crucial to maintain autophagy process, and prevent hepatic lipid over-
accumulation [99]. To sum up, autophagy provides essential components to maintain the energy 
homeostasis in liver. Future studies should focus more on autophagy gene in order to clarify the 
mechanism of energy regulation in autophagy pathway. 
Dysregulation of autophagy in liver has been reported in liver-related metabolic disorders. 
For example, impaired autophagy is associated with nonalcoholic fatty liver disease(NAFLD). 
Deceased Atg7 induces hepatic lipid accumulation by inhibiting triacylglycerol breakdown[99]. 
Moreover, recent studies have shown the relationship of hepatpcarcinogenesis and autophagy. 
Decreased Atg5 and Atg7[107], as well as accumulation of P62/SQSTM1 [108, 109] promote the 
development of hepatocarcinomas. Taking into account the role of autophagy in hepatic metabolic 
disorders, further research is needed to investigate the hepatic autophagy for early-prediction and 
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A MATERNAL LOW-PROTEIN DIET DURING GESTATION INDUCES HEPATIC 
AUTOPHAGY GENE EXPRESSION ONLY IN THE FEMALE OFFSPRING 
SPRAGUE-DAWLEY RATS 
3.1 Abstract 
Maternal protein restriction is associated with metabolic stress response including the inducting of 
gene expression programs. Multiple stress-induced genes are known to be activated through eIF2α 
phosphorylation and induction of activating transcription factor 4 (ATF4), which also potentially 
play a crucial role in autophagy related-genes expression. The present study investigates the 
mechanisms by which maternal protein restriction induce autophagy related-gene expression in 
the liver of offspring rats. In this study, pregnant Sprague-Dawley rats were fed either a control 
diet (C group, 18% energy from protein) or a low-protein diet (LP group, 8.5% energy from protein) 
during gestation period followed by the control diet during lactation. Offspring consumed the same 
control post-weaning diet from postnatal day 21. Liver tissue was collected at postnatal day 38 
from the offspring.  mRNA expression of stress-response genes and autophagy-related genes was 
analyzed in the liver tissue from both male and female offspring. The maternal low-protein diet 
significantly induced mRNA expression of the stress-response genes including Atf3 and Chop in 
liver tissue of female offspring, but not in male offspring. Moreover, mRNA expression of hepatic 
autophagy-related genes including LC3b, P62/SQSTM1, Beclin1, Atg3, Atg7 Atg5 and Atg10 was 
increased significantly only in the female offspring by gestational low-protein diet.  Protein 
expression of BECN1, MAP1LC3B, P-eIF2a, and ATF4 was higher in female LP group than other 
three groups. Furthermore, we found the maternal low-protein diet induces ATF4 and C/EBP 




of female offspring through differential cooperative regulation. Overall, our data demonstrated 
that hepatic autophagy-related gene expression could be induced by maternal LP diet only in the 
female rat offspring.  This transcriptional program involves in activated p-eIF2α/ATF4 pathway 
and cooperative regulation of transcription factors ATF4 and CHOP. 
 
3.2 Introduction 
Maternal nutrition during gestation has been observed to play a key role in both maternal 
health and pregnancy outcomes[1, 2]. Animal studies show that fetal growth is most prone to be 
impaired by maternal protein restriction[1, 3], which may largely lead to Intra-uterine Growth 
Retardation (IUGR) [1, 4] and Low Birth Weight (LBW) [5, 6]. Lillycrop et al. suggests that 
maternal protein restriction can alter the hepatic gene expression through DNA methylation and 
histone modifications, which provide a molecular mechanism for the role of maternal nutrition on 
fetal programming and development[7-9]. Various evidence show that impaired fetal growth 
induced by maternal malnutrition is associated with many metabolic lifelong consequences. In the 
offspring exposured maternal protein restriction, many organs have been shown to be affected 
including brain[10-12], adipose[13], skeletal muscle[14, 15], mammary glands[16, 17],kidney[18, 
19],and liver[12, 20, 21].  Among these organs, liver has been frequently investigated, and many 
liver-related metabolic responses have been reported to be triggered by a maternal low-protein diet. 
In response to environmental stress such as lack of nutrients supplies, cells could induce a 
program of gene expression to defend cellular damage, which has been reported as metabolic stress 
response[22]. The metabolic stress response to amino acid deficiency largely requires the 




activating transcription factor 4 (ATF4), which further activates multiple stress-induced genes like 
Atf3 and Chop[23-25]. Studies from Wang et al. show that maternal protein restriction during 
gestation leave a memorized molecular response to offspring, which was indicated as increased 
gene expression of Atf3 and Chop[14]. Due to the well-known relationship between dietary protein 
restriction and the activation of eIF2a/ATF4 pathway, increased gene expression of Atf3 and Chop 
appear to serve as hallmark markers of metabolic stress response to dietary protein deficiency. 
Autophagy has been considered as an essential adaptive regulatory mechanism in response 
to nutrient deprivation[26]. It is a cellular process that degrade cytoplasmic proteins and organelles 
with lysosomal pathways[27]. Through recycling of amino acids and other nutrients from soluble 
proteins and partial organelles in the cytoplasm, autophagy is involved in the protein metabolism 
and basic metabolic processes to maintain the normal energy levels and intracellular 
homeostasis[26]. It has been reported in both animal and cell culture studies that autophagy could 
be inducted as a self-protection mechanism in response to amino acid deprivation[14, 23, 28, 29]. 
Amino acid deprivation could induce eIF2a phosphorylation and induction of ATF4 and C/EBP 
homology protein (CHOP) expression, which potentially program transcriptional activation of 
autophagy related-genes[23]. Wang et al is the first to suggest that rat dams fed on gestational low-
protein diet expressed higher ATF4 binding at the predicted regions of both stress-induced genes 
Atf3, Chop and a set of autophagy related-genes[14]. However, the underlying mechanisms by 
how the eIF2a/ATF4 pathway programs autophagy are still not fully understood. In addition, the 
specific ATF4 and CHOP-target genes which are involved in this process are remained to be 
clarified. 
Maternal protein restriction activates metabolic stress response, which is associated with 




on the stress-response genes Atf3 and Chop as the classic markers of maternal protein restriction, 
and then demonstrate that the eIF2a/ATF4 pathway directs a transcriptional program of autophagy-
related gene in the liver of offspring rats in response to maternal low protein diet. Our data 
therefore reveal that maternal protein restriction during gestation induce metabolic stress response 
and autophagy-related gene expression that involved in transcription factors ATF4 and CHOP only 
in the liver of female offspring rats. 
 
3.3 Methods  
3.3.1. Animal treatments  
Timed-pregnant Sprague Dawley rats were from Charles River Laboratories. They were 
fed either a control diet (C group, 18% energy from protein) or a low-protein diet (LP group, 8.5% 
energy from protein) during gestation period followed by the control diet during lactation 
(Bioserve, NJ). Pups were also fed the control diet after weaning until the sacrifice. Biometric data 
on pups were published previously [16, 20]. The experimental diets are listed in table 1. Animals 
were individually housed in standard polycarbonate cages in a humidity- and temperature- 
controlled room with free access to food and water on a 12h light-12h dark cycle. Twenty-four 
hours after delivery, all dams were transferred to a standard control diet, each with 6 nursing pups 
(3 male and 3 female) until weaning at day 24. All the pups consumed the same control diet post-
weaning from postnatal day 21. At postnatal day 38, the pups (n=8 for each sex and each group) 
were killed by CO2 asphyxiation and the liver from each pup was collected, frozen in liquid 
nitrogen, and stored at −80 °C for future experiments. All experiments were conducted in 




Animals, and approved by the University of Illinois at Urbana-Champaign Institutional Animal 
Care and Use Committee.  
3.3.2. RNA isolation and real time quantitative PCR  
Total RNA was isolated from liver samples of each offspring. Liver tissues were ground in 
liquid nitrogen in a mortar and pestle before total RNA was isolated using 700 μl TRI reagent 
(Sigma-Aldrich) mixing with an equal volume 100% ethanol. Transferred the mixture into a 
Zymo-Spin™ IIICG Column2 in a Collection Tube and conducted DNase I treatment. Incubated 
at room temperature for 45 minutes. After that, the column was wash with 400 μl RNA PreWash 
and 700 μl RNA Wash Buffer. The RNA was eluted by 50 μl DNase/RNase-Free Water. Following 
isolation, RNA concentration was determined using a NanoDrop™ 2000 Spectrophotometers 
(Thermo Fisher Scientific) at 260 nm. Total mRNA was used for DNA synthesis using the High 
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), which performed in Thermal 
Cycler (Applied Biosystems) at 25 °C for 10 min, 37 °C for 2 h and 85 °C for 5 s. PCR was 
performed with a 96-well plate using SYBR Green PCR Master mix (Applied Biosystems) in a 
StepOnePlus Real-Time PCR System (Applied Biosystems). For each sample, 2 ul of 5 ug/ul of 
the cDNA template was mixed with 2.2 ul RNAse-free water, 5 ul SYBR Green and 0.4 ul of 5 
mmol/l of forward and reverse primers. The reaction was as follows: 95°C for 15 min, 95°C for 
15 s and 60°C for 60 s in forty cycles. Supplemental Table 1 lists primer sequences and source for 
each primer used in this study. After quantification, 60S ribosomal protein (L7a) was used to 
normalize all the mRNA data.  
3.3.3. Protein isolation and Western blotting  




offspring was weighed, ground and suspended into 400 μL of protein sample buffer (0.125 M Tris–
HCl pH 6.8, 5% 2-mecaptoethanol, 1% SDS, 20% glycerol, 0.4% bromophenol blue, protease 
inhibitor from Roche) with 1X proteinase inhibitor (Roche Applied Science) and phosphatase 
inhibitor cocktail 1 and 2 (Sigma-Aldrich). Each diluted sample (30g) were size-fractionated on 
12% SDS-PAGE, then transferred to 0.2 μm PVDF membrane (Bio-Rad) and blocked in 10% non-
fat dry milk in TBS/T (30 mmol/L Tris base pH 7.6, 200 mmol/L NaCl and 0.1% Tween 20) for 1 
h at room temperature.  A rabbit polyclonal antibody against ATF4(sc-200, Santa Cruz) was 
incubated with the membrane in 10% NFDM at 1:1000 dilution at room temperature for 1h. As 
previously described, 1:1000 rabbit polyclonal antibody was used to detect p-eIF2a (Cell Signaling 
Technology), 1:5000 rabbit polyclonal antibody was used to detect LC3A/B (Cell Signaling 
Technology), a 1:1000 rabbit polyclonal antibody was used to detect bActin (Cell Signaling 
Technology), a 1:1000 rabbit polyclonal antibody was used to detect Beclin-1 (Cell Signaling 
Technology) and a 1:5000 secondary horseradish peroxidase-conjugated anti-rabbit IgG (Pierce) 
was used to perform secondary incubation for 1hr in room temperature. Blots were incubated in 
Super Signal West Dura Extended Duration substrate (Pierce) for 5 min, and then the images were 
detected and analyzed by Bio-Rad ChemiDoc and Quantity One Software. The antibodies are 
listed in Supplementary Table 2. 
3.3.4. Chromatin immunoprecipitation (ChIP)  
To investigate the role of transcription factors ATF4 and CHOP, ChIP analysis was 
performed according to a modified protocol [30], but using magnetic beads as published previously 
[31] in this study. Two hundred mg frozen liver samples from each female offspring were ground 
in liquid nitrogen and suspended in 10 ml phosphate buffered saline (PBS). Protein-DNA cross-




The cross-linking reaction was stopped by 2M-glycine. The pellet was re-suspended in nuclei 
swelling buffer (5mM-piperazine-N,N0-bis, 2-ethanesulfonic acid (PIPES), pH 8·0, 85mM-KCl, 
0·5% NP40 ) and lysed in SDS lysis buffer(50mM-Tris–HCl, pH 8·1, 10mM-EDTA, 1% SDS ), 
both of which contained protease inhibitor and phosphatase inhibitor cocktails. The chromatin was 
sonicated (Fisher Scientific, model 100 Sonic Dismembrator) on ice with 6 bursts for 40 s in power 
setting 5 and 2 min cooling interval between each burst. The length of sonicated chromatin was 
from 200bp to 500bp, and cell debris was removed by centrifugation at 13000g for 10min at 4°C. 
Sheared chromatin was diluted to 10 ml with chromatin immunoprecipitation dilution buffer. Each 
antibody was first bound to Dynabeads® Protein G beads (Life Technologies) by incubating 1 μg 
of antibody with 15 μl beads in 0.02% PBST at 4°C overnight and washed to remove any unbound 
antibody. For each immunoprecipitation (antibodies are listed in Supplementary Table 2), 500 μl 
sheared chromatin was mixed with beads and incubated at room temperature for 2 h to form the 
beads-antibody-chromatin complex. Supernatant from rabbit igG was collected to be input DNA. 
The beads-antibody-chromatin complexs were washed by 1 ml each of the following salt buffers: 
low salt (20mM-Tris–HCl, pH 8·0, 0·1% SDS, 2mM-EDTA, 150mM-NaCl, 1% Triton X-100), 
high salt (20 mM-Tris–HCl, pH 8·0, 0·1 % SDS, 2 mM-EDTA, 500mM-NaCl, 1% Triton X-100), 
LiCl (10mM-Tris–HCl, pH 8·0, 0·25 mM-LiCl, 1 % NP40, 1 mM-EDTA, 1 % sodium 
deoxycholate); twice with Tris–EDTA (pH 8·0). The beads-antibody-chromatin complexes were 
eluted by 500 ml elution buffer (1% SDS and 50mM-NaHCO3) at 42°C for 30min. The combined 
supernatants were incubated in 65°C water bath for 5 h with 20 μl of 5M-NaCl and 1μg of RNase 
A (Qiagen, Hilden, Germany) to reverse the cross-linking. DNA was treated with proteinase K 
(Sigma) at 37°C for 1 hr and cleaned by QiaPrep miniprep columns (Qiagen). 2 μl Purified DNA 




3.3.5 Statistic analysis 
Results are presented as mean± SEM. Mean difference in mRNA expression, protein 
expression, chromatin immunoprecipitation data among female C, female LP, male C and male 
LP groups (n=8 for each group) were determined by R studio using one-way ANOVA. Differences 
were considered significant at p<0.05 for all comparisons. 
3.4 Result 
3.4.1 Maternal low-protein diet only induce mRNA expression of Atf3 and Chop in liver of 
female offspring. 
Maternal protein restriction was conducted through feeding pregnant rats a diet containing 
8.5% of protein (Kcal). Gestational low-protein ended when the dams were fed the control diet 
during lactation. Pups were also fed the control diet after weaning until the sacrifice. Biometric 
data on pups were published previously [16, 20]. 
To investigate hepatic response to the dietary insult of low-protein during gestation, gene 
expression of stress-responsive transcriptional factors Atf3 and Chop was examined in the liver of 
both male and female offspring. We found the mRNA expression of both Atf3 (P=0·0133) and 
Chop (P=0·0223) increased significantly in female LP group, comparing with female C, male C 
and male LP group (Figure 1). The results show that a maternal low-protein diet during gestation 
might induce a hepatic response with an increased gene expression of Atf3 and Chop that only 
memorized in the female offspring. 
3.4.2	Maternal low-protein diet activate ATF4 expression through phosphorylation of eIF2a, 




To investigate the regulators in the hepatic response to maternal protein restriction in 
offspring, the protein expression level of p-eIF2a and ATF4 (Figure 2) was detected in the liver of 
offspring. P-eIF2a, an essential regulator required for the induction of the ATF4 and then 
activation of multiple stress-induced genes, was higher in the liver of the female offspring 
compared with female C group, male C group and male LP group. Consistently, protein expression 
of ATF4 was only significantly increased in the female LP group. We can paint the preliminary 
picture that maternal protein restriction induced hepatic response that require the activated 
eIF2a/ATF4 pathway only in the female offspring, but in male’s. 
3.4.3 Gene expression of autophagy-related genes was increased significantly in the liver of 
female offspring by gestational low-protein diet. 
Based on the activation of eIF2a/ATF4 pathway that potentially regulate the transcription 
of autophagy-related genes, we investigate autophagy gene expression in the liver of offspring 
including p62/sqstm1, Lc3b, Atg5, Beclin1, Atg3, Atg7 and Atg10 (Figure 3). The mRNA 
expression of p62/sqstm1 (p=0.0009), Lc3b (p= 0.0014), Atg5(p=0.0029), Beclin1 (0.0014), 
Atg3(p= 0.0003), Atg7 (0.0046) and Atg10 (p= 0.0020) was significantly higher in female LP group 
when compared to female C, male C and male LP groups. These results show that maternal protein 
restriction induce a sex-specific response of autophagy-related genes in the liver of rat offspring.  
3.4.4 Maternal low-protein diet induce ATF4, but only CHOP, binding to Beclin1, Atg3 and 
Lc3b in the liver of female offspring. 
To further investigate autophagy-related gene transcription, we detect the ATF4 and CHOP 
binding at the regions of autophagy-related genes. We found maternal low-protein diet could 




offspring. The activated autophagy-related genes could be identified into three classes according 
to their dependence on ATF4 and CHOP. 
In figure 4, ATF4, but but CHOP, was found to bind at the regions of Beclin1, Atg3 and 
Lc3b in the liver of female LP group. Therefore, Beclin1, Atg3 and Lc3b could be described as 
ATF4-dependent. 
3.4.5 Both ATF4 and CHOP could bind to P62/Sqstm1 and Atg7 in the liver of female offspring 
inducing by a gestational low-protein diet. 
We detect the binding of ATF4 and CHOP to autophagy related-genes. In figure 5, both 
ATF4 and CHOP bindings were found to bind to P62/Sqstm1 and Atg7 in the liver of female LP 
group. Therefore, P62/Sqstm1 and Atg7 could be identified as ATF4-/CHOP- dependent. 
3.4.6 CHOP, but not ATF4, could bind to Atg5 and Atg10 in the liver of female offspring induced 
by a gestational low-protein diet. 
In figure 6, we present the increased CHOP binding to Atg5 and Atg10 in the female LP 
group compared to female C, male C and male LP groups. There is no ATF4 binding found to bind 
Atg5 or Atg10. Thus, we consider Atg5 and Atg10 as CHOP-dependent. 
 Overall, stress-dependent transcription factor ATF4 and CHOP cooperatively regulate 
the transcriptional activation of autophagy gene in the liver of female offspring. 
3.4.7 Induction of autophagy pathway was activated by maternal low protein diet only in the 
liver of female offspring. 




of BECN1 and MAP1LC3B (Figure 7) in the liver of offspring. The protein expression of BECN1 
and MAP1LC3B that considered as the primary indicator of autophagy pathway, was much higher 
in female LP group when compared to male LP group, female C group and male C group. Induction 
of autophagy pathway by maternal low-protein diet was only observed in the liver of female 
offspring. 
3.5 Discussion 
The present study using an in vivo low-protein model that maternal protein restriction could 
be memorized in the liver of female offspring, but not in male offspring. The programming of 
female offspring liver is through the induction of P-eIF2a and activation of ATF4. The eIF2a/ATF4 
pathways in turn activates autophagy-related gene expression through cooperative regulations of 
ATF4 and CHOP. A set of autophagy-related genes could be identified into three classes according 
to their dependent on ATF4 and CHOP. This study provides the first direct evidence suggesting 
maternal protein restriction induces hepatic autophagy gene expression in a sex-specific manner. 
The induction of autophagy gene might result in increased capacity to undergo autophagy pathway 
in the liver of female offspring (Figure 3.8). 
Maternal protein balance during gestation are widely reported to impact both maternal 
health and fetal development[1, 14, 32]. In current study, a maternal low-protein rodent model is 
investigated to demonstrate that protein restriction during gestation induce metabolic stress 
responses in the liver of female offspring, which occurs with a transcriptional program of 
autophagy-related gene to adapt to the nutrient-deprivation stress. Our results emphasize the 
importance of maintaining adequate dietary protein intake during gestation.  




pathways remain activated in female offspring exposuring to a maternal low-protein diet. In yeast 
cells and mammalian cells, various genes involved in autophagy processes have been identified 
including autophagy-related (Atg) genes and genes encoding adapter protein[33, 34]. The 
eIF2a/ATF4 pathway regulates autophagy gene expression in response to nutrient-deprivation 
stress, which has been documented in several vitro studies, but remains poorly characterized in 
rodent animal. B’chir et al proposed an underlying mechanism by which eIF2a/ATF4 regulate 
autophagy gene expression in mouse embryonic fibroblasts. This study suggests that ATF4 and 
Chop are required to induce transcription of a set of autophagy genes. Three classes of autophagy 
genes are divided according to their different dependence on ATF4 and CHOP[23].  Based on the 
autophagy transcriptional program identified in cell culture models, our current study further 
investigates the role of ATF4 and CHOP in the transcription of autophagy-related genes in rat 
offspring in response to maternal protein restriction. Our present data further confirm the model 
proposed in vitro study: The cooperation of ATF4 and Chop results in three types of transcriptional 
programs. (i) ATF4 could bind at the promoter regions of Lc3b, Atg3 and Beclin1 in the present 
study, which was consistent with the ATF4-dependent activation of autophagy gene expression in 
vitro study. (ii) In mouse embryonic fibroblasts, the induction of P62/Sqstm1 and Atg7 was 
dependent on ATF4 and Chop. Moreover, both ATF4 and CHOP were observed to bind at the 
regions of P62/Sqstm1 and Atg7 in the present study. (iii) Vitro study suggests that ATF4 could 
indirectly upregulate the transcription through the induction of CHOP activity. In that case, CHOP 
could bind to specific autophagy genes without interacting with ATF4 including Atg5 and Atg10. 
Our study also observed Chop binding to Atg5 and Atg10, which support the hypothesis of ATF4-
mediated, Chop-dependent activation. Overall, our CHIP assay data are basically consistent with 




Autophagy pathways mainly include induction, nucleation, formation, elongation and 
degradation of autophagosome[35, 36]. Induction of autophagy in female offspring were indicated 
from the increased protein expression of BECN1and MAP1LC3B. Moreover, the activated 
autophagy gene expression might play a role in multiple steps of following autophagic process. (i) 
Beclin1 could encode a protein participated in the formation of autophagosome. (ii) The 
translational products from Atg7, Atg10, Atg5 and Atg3 participate in forming two ubiquitin-like 
conjugation complexes. The activated complexes contribute to the elongation of autophagosome. 
(iii) P62/SQSTM1 encode cargo receptors, which are preferentially degraded by autophagy. 
Overall, the activated protein expression of BECN1 and MAP1LC3B as well as increased mRNA 
expression of a set of autophagy-related genes might suggest the capacity to undergo autophagy 
pathways in the liver of female offspring. 
Both autophagy pathways and autophagy gene expression are reported to be gender- and 
tissue- dependent in mammals[14, 34, 37, 38], although the mechanism (s) is still unknown. In 
vivo study, autophagy gene expression has also been reported to be sex-specific in response to 
environmental stress. One well-characterized example is the sex difference in induction of 
autophagy in cardiac examples in mouse under viral myocarditis. Autophagy marker BECN1 and 
MAP1LC3B were induced in female with an increased expression of autophagy related genes like 
Atg5 and Beclin1 compared to male samples[37]. The sex difference of cardiac autophagy provides 
the explanation for the disparity in heart disease between sexes in clinical studies. Wang et al. 
found that a gestational low-protein diet activates the AAR pathway and potentially initiates 
autophagy in the skeletal muscle of rat dams. However, the activated AAR- or autophagy-related 
genes were not found in adipose or blood of rat dams. Furthermore, they investigate the skeletal 




of male offspring, but not in female offspring. They proposed that the signal from rat dams could 
transduce to skeletal muscle of male offspring and be memorized by male offspring, but not female 
offspring [14]. The similar sex-specific memory of “maternal protein restriction” signal occurs in 
current study. We found that maternal protein restriction induces hepatic autophagy gene 
expression only in the female offspring, not in male. The previous studies shown that the “maternal 
protein restriction” signal from mother could transduce to placenta of both male and female 
offspring [39]. The activated eIF2a/ATF4 pathway and increased AAR downstream genes 
including Asns, Atf3 and Snat2 were reported in both male and female in that study. However, the 
sex difference occurs during the transduction from placenta to the offspring. The signal through 
placenta could only be memorized in the liver of female, while no hepatic response in male was 
found in the current study. Therefore, based on the current study and the study done in placenta 
from both male and female, we proposed that the “protein restriction” signal from mother through 
placenta could only be “memorized” in the liver of female, not in male (Figure 3.9). 
Autophagy gene has been considered to play an important role in human cancers and 
diseases. Beclin1, as a good example, has been reported to be a tumor-suppressor gene. In a 
Beclin1-mutant mouse model, the development of hepatitis B virus–induced premalignant lesions 
was significantly accelerated [40]. Another example is the role of Atg7 in lipid metabolism in the 
liver of mice. In the Atg7-knockout mice, massive accumulation of lipid droplets was found in the 
liver, which suggests that without Atg7, the mice cannot go through autophagy which can degrade 
unnecessary lipid and have more potent to nonalcoholic fatty liver disease (NAFLD)[41]. Several 
sex-bias diseases could be explained to some extent by sex-specific autophagy gene expression. 
For example, sex difference in induction of autophagy gene expression was found in cardiac 




in heart disease between sexes found in clinical studies [42]. Our finding highlights the sex 
difference in autophagy gene expression in rat offspring experiencing maternal protein restriction, 
which might suggest that male and female offspring might have differential hepatic conditions. 
Future studies should investigate the hepatic physiological outcomes in male and female offspring 
experiencing maternal protein restriction, especially the potential sex disparity in metabolic 
phenotype. Furthermore, the lack of activated autophagy gene expression in male offspring 
potentially suggest that male offspring have less adjustment in gene or protein expression to adapt 
to a poor maternal environment. They might have greater risk of adverse outcomes and need more 
clinical attention. Understanding the sex disparity in physiological outcomes in the offspring may 
help to diagnose potential sex-bias diseases in response to maternal low protein diet during 
pregnancy. 
3.6 Tables and Figures 
Table 3.1. Composition of the experimental diets 
 C, g/kg LP, g/kg 
Cornstarch 405 465 
Sucrose 213 243 
Casein 180 90 
Corn oil 100 100 
Cellulose 50 50 
Mineral mix 35 35 
Vitamin mix 10 10 
D, L-Methionine 5 5 
Choline 2 2 
Folic acid 0.001 0.001 





Figure 3.1.  Maternal LP diet induces mRNA expression of Atf3 (activating transcription factor 3) 
(A) and Chop (C/EBP homology protein) (B) only in the liver of female offspring. All data were 
normalized to the expression level of housekeeping gene 60S ribosomal protein(L7a). Values are 














Figure 3.2.  Maternal LP diet activates protein expression of phosphorylated eukaryotic translation 
initiation factor 2a (p-eIF2a) (A) and activating transcription factor 4 (ATF4) (B). Total eIF2a was 
used to normalize the phosphorylation of eIF2a, and actin was used to normalize the protein 












Figure 3.3. mRNA expression of hepatic autophagy-related genes including Beclin1(A), Lc3b(B), 
Atg3(C), Atg10(D), P62/Sqstm1(E), Atg5(F) and Atg7(G) was increased significantly only in the 
female rat offspring by maternal LP diet. All data were normalized to the mRNA expression level 












Figure 3.4 Transcription factor ATF4, but not CHOP, binds to Beclin1 (A), Atg3 (B) and Lc3b (C) 









Figure 3.5. Binding of both ATF4 and CHOP to autophagy-related genes P62/Sqstm1 (A) and Atg7 
(B) were induced in the liver of female offspring experiencing a maternal LP diet. Values are 











Figure 3.6. Maternal LP diet induces transcription factor CHOP, but not ATF4, binding to Atg5(A) 















Figure 3.7. Protein expression of BECN1(A) and MAP1LC3(B), the marker of induction of 
autophagy, was induced by maternal LP diet only in the liver of female offspring. All data were 



















Figure 3.8. A schematic model of autophagy gene transcriptional programming by maternal 
protein restriction in liver of female rat offspring.  In response to a gestational low protein diet, in 
the liver of female offspring, the eIF2a was phosphorylated, which further induce the transcription 
factor ATF4 and CHOP. And then ATF4 and CHOP establish a transcriptional program of 
autophagy gene.  The activated autophagy gene might result in increased capacity to maintain 

















Figure 3.9. The model of programming in autophagy gene expression by maternal protein 
restriction. Our result highlights the maternal low-protein diet induce eIF2a/ATF4 pathway and 
autophagy gene expression in the liver of female offspring. The protein restriction signal from 
























Supplemental Table 3.1. List of primers  
Gene (Enzemble No.Transcript ID) Sequence 
L7a (ENSRNOT00000006754) mRNA 
Forward +64F GAG GCC AAA AAG GTG GTC AAT CC 
Reverse +127R CCT GCC CAA TGC CGA AGT TCT 
ATF3 (ENSRNOT00000005085) mRNA 
Forward +688F AGA AGG AAC ATT GCA GAG CTA AGC 
Reverse +767R TGG GGT GGA AAA GGA GGA TTC 
CHOP (ENSRNOG00000006789) mRNA 
Forward +636F CTC TGA TCG ACC GCA TGG TCA G 




Forward -244F AGC CAG GAG CAG AAG ATG AA 
Reverse -156R TGA GTC GGC TTC CCA AAA 
mRNA 
  
Forward +626F GTG TTG TGG AAG AAT GCC 




Forward -125F GGC CAG TTC TCC CTG GAA GCT AT 
Reverse -56R CCC GCT TAA CTC CTG GTT ACC AAT 
mRNA Forward +432F AGT CCA CCA CTG TCC AAC AT 




Forward -1138F GTG TGA GCA TAT CTG TTC CTG T 
reverse -1069R AGG TAA GCG AAA TGT GGT TC 
mRNA 
Forward 
+1031F TGC GAC CTT CCA TAT CTG 
Reverse 




Forward -175F TGG TGA GAC CTG AGT TGC TG 
Reverse -89R CTG CTC ATC GGG GAA TGA 
mRNA 
Forward +524F ATC TTT CCC AAC CCC TTT G 




DNA Forward -973F CCC CAG CTG ACT CTG GGA GAA 
Atg7 (ENSRNOT00000067532)  Reverse -884R GGG TTG GGC ACA CAC TCA GGT 
 mRNA Forward +379F CCC ATG CTC CTC AAC AAG TTT C  




DNA Forward -911F TTA CTG CCC TTT CCA CTC TGT C 
Atg5 (ENSRNOT00000057078)  Reverse -840R TTT GCT AAC TGA GGT CAG GGA C 
 mRNA Forward +546F AGAAGTCTGTCCTTCCGCAGTCG  




DNA Forward -543F CCT GTT TAA AGG ACC AGA CT 
Atg10 (ENSRNOT00000021941)  Reverse -469R AGG AGG AAA AGA GTC ATA GG 
 mRNA Forward +100F CCA GAC ATT CAC AAC AGA TAG GC  
  Reverse +164R AGC CAT CAG AAC ATT CCT TG 







Supplemental Table 3.2. List of antibodies 
 Cat. 
Number Lot No. Company name Name Modification 
Actin(I-19)-R  sc-1616-R C0907 Santa Cruz Biotechnology, Inc, Santa Cruz, CA 
CREB-2(C-20)  sc-200 H2008 Santa Cruz Biotechnology, Inc, Santa Cruz, CA 
ATF4(D4B8)  11815S Lot 4 Cell Signaling Technology, Inc, Danvers, MA 
Normal rabbit IgG  sc-2027 F1608 Santa Cruz Biotechnology, Inc, Santa Cruz, CA  
p-eIF2alpha p-S51 9721L Lot 15 Cell Signaling Technology, Inc, Danvers, MA 
Total eIF2alpha  9722 Lot 11 Cell Signaling Technology, Inc, Danvers, MA 
LC3A/B  4108S Lot 3 Cell Signaling Technology, Inc, Danvers, MA 
BECN1  3495S Lot 2 Cell Signaling Technology, Inc, Danvers, MA 
CHOP  2895S Lot 11 Cell Signaling Technology, Inc, Danvers, MA 
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CHAPTER 4 
CONCLUSIONS AND FUTURE DIRECTIONS 
Maternal nutrition during pregnancy is a major intrauterine environmental factor in fetal 
development. In the offspring exposuring maternal undernutrition, liver has been shown to go 
through dynamic gene expression changes, and many liver-related metabolic responses have been 
reported with lifelong consequences. 
In current study, a maternal low-protein rodent model is investigated to demonstrate that 
dietary protein restriction during gestation induce metabolic stress response in the liver of female 
offspring, which occurs with a transcriptional program of autophagy-related gene to adapt to the 
nutrient-deprivation stress.  
This study provides the first direct evidence suggesting maternal protein restriction induces 
hepatic autophagy gene expression in a sex-specific manner.  Firstly, maternal low-protein diet 
could induce phosphorylation of eIF2a and activation of ATF4 in the liver of female offspring, not 
in male. Secondly, the activated eIF2a/ATF4 pathway in the liver of female offspring induce 
autophagy gene expression through an ATF4-/CHOP- modulated transcriptional program.  Thirdly, 
a set of activated autophagy gene could be identified into three classes according to their 
dependence on ATF4 and CHOP. Our data is innovative because it is the first to provides an 
understanding of eIF2a/ATF4 /CHOP pathway that links maternal undernutrition to transcriptional 
regulation in autophagy in the liver of rat offspring. 
Based on our data and previous hepatic autophagy studies, increased hepatic autophagy 




undergo autophagy pathway in the liver of female offspring. Our results showed that in the liver 
of female offspring, an autophagy gene transcriptional program is activated to adapt to maternal 
protein restriction. However, more evidence is needed to confirm the activated autophagy pathway 
in offspring. This study highlights the sex difference in autophagy gene expression in rat offspring 
in response to maternal protein restriction. Whether the difference in autophagy gene expression 
in liver could result in differential hepatic conditions or hepatic sex-bias diseases are still unknown. 
Therefore, future studies should investigate the physiological outcomes in the liver of offspring in 
response to maternal low-protein diet.  
 
 
 
 
 
 
 
 
 
 
 
 
 
